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AN EXPERIMENTAL INVESTIGATION OF A TRIANGULAR WING
OF ASPECT RATIO 2 AND A BODY WARPED TO BE
TRIMMED AT M = 2,24

By Gaynor J. Adams and John W. Boyd

SUMMARY

A cambered and twisted triangular wing of aspect ratio 2 in combina-
tion with a cambered body was investigated experimentally to determine
the effectiveness of the camber in reducing the drag due to 1lift at trim
at supersonic speeds. Four arrangements were tested comprising all com-
binations of a symmetrical and a cambered wing with a symmetrical and a
cambered body. The camber shape investigated was derived by linearized
lifting surface theory for triangular wings with sonic leading edges and
satisfied the requirement that the wing be trimmed at the design Mach
nunber and 1ift coefficient,

The experimental results for the cambered wing and cambered body
showed that the drag coefficient at trim was always greater, at the same
1ift coefficient, than that for the untrimmed symmetrical wing and body.
The trim 1ift coefficient was positive and decreased with increasing Mach
number, At the design Mach number of 2.2k, the trim lift coefficient was
somewhat lower and the drag coefficient was higher than values predicted
by linearized lifting surface theory for the wing alone.

A comparison of the trim lift-drag ratio of the cambered wing and
cambered body with values obtained by trimming the symmetrical wing and
symmetrical body either with a canard or a trailing-edge flap showed that,
at approximately the design Mach number, the cambered configuration devel-
oped a somewhat higher value than the trailing-edge flap configuration
but a lower value than the canard configuration.



INTRODUCTION

The problem of efficient flight at supersonic speeds has placed great
emphasis on the attainment of high lift-drag ratios. In order to achieve
this goal numerous theoretical and experimental studies (see refs, 1
through T7) have been undertaken to reduce the drag due to 1lift of an
aircraft. A large part of the drag associated with flight at these speeds
may be due to trimming the aircraft. An investigation was undertaken,
therefore, to design and test a wing with reduced drag due to lift at
trim at supersonic Mach numbers.

The initial part of the investigation was directed at determining
a mean-surface shape for triangular wings with sonic leading edges which
would provide trim at a specified 1lift coefficient while at the same time
approximating the drag due to 1ift of a symmetrical triangular wing. It
is the purpose of the present report to present experimental results for
a wing constructed according to these conditions, with a brief discussion
of the design method. A cambered and twisted triangular wing of aspect
ratio 2 mounted on a cambered Sears-Haack body was tested for this purpaose,
Additional tests were conducted with the cambered wing mounted on a
symmetrical body, and a symmetrical wing mounted on the symmetrical or
the cambered body. A comparison of the theoretical wing-alone drag
polar and the measured polar for the cambered wing and cambered body
is made at the design Mach number, Additional data on the effectiveness
of trimming a symmetric triangular wing and body by means of a canard and
a trailing-edge flap are presented for comparison.
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1ift

lift coefficient,
as

1ift coefficient for the pressure distribution, <%§)..
1]

referred to the

% pitching moment
2 qs_c.
0.35 point of the mean aerodynamic chord

pitching-moment coefficien R

pitching-moment coefficient for the pressure distribution,

O}

mean aerodynamic chord

root chord
lift-drag ratio

free-stream Mach number

v J

So

lifting-pressure coefficient, (é;)

free-stream dynamic pressure

Reynolds number, based on the mean aerodynamic chord
wing area, including part inside the body

wing semispan, root chord to tip

Cartesian coordinates in streamwise, spanwise, and vertical
directions, respectively

surface ordinate of wing mean camber surface with pressure

A
aistrivution, ().
i

angle of attack of body nose, deg



Qi 3 local angle of attack in radians of wing with pressure
distribution, %?
iJ
B JMz-1
AD difference between local pressures on lower and upper surfaces
of wing
J
H X
Subscripts

i,j,r,s summation subscripts (positive integers, 2 0)

APPARATUS

Test Facilities

The experimental data were obtained in the Ames 6- by 6-foot super-
sonic wind tunnel and the 8- by 7-foot test section of the Ames Unitary
Plan wind tunnel. The 6~ by 6~foot wind tunnel is a closed-circuit
variable-pressure type with a Mach number range continuous from 0.70 to
2.24. The tunnel floor and ceiling have perforations to permit transonic
testing. A somewhat more detailed description of this tunnel may be
found in reference 8. The Unitary Plan wind tunnel is also a closed-
circuit variable-pressure type and the 8- by 7-foot test section has a
Mach number range continuous from 2.5 to 3.5. A more detailed description
of the tunnel may be found in reference 9,

In both wind tunnels the models were sting-mounted and the forces and
moments measured with a six-component internal strain-gage balance.

Models

Design conditions and procedures.- The present research investigated
the effectiveness of camber and twist in reducing the supersonic drag due
to lift at trim for a triangular wing of aspect ratio 2. To derive a
lifting surface which will achieve a low drag due to lift in trimmed
flight, two conditions must be satisfied simultaneously, the surface must
support a specified total 1ift and the center of pressure of this 1ift must
be located so as to give zero pitching moment about a given center of
moments. For the present wing which was designed for a Mach number




of 2.24 (sonic leading edge) the design lift coefficient was 0.20 and

the center of pressure was at the 0.35 point of the wing mean aerodynamic
chord. It was estimated that placing the center of moments at this
position would provide a static margin of approximately 0.05C at sub-
sonic speeds.

The camber shape to satisfy these conditions was derived from
linearized theory by superposition of a number of surfaces having finite
pressure distributions (see refs. 4 and 7). FEach of the elementary loads
was multiplied by an arbitrary constant whose magnitude determined the
contribution of each load to the total pressure distribution. The
constants were evaluated by means of the standard minimization procedures
(ref. 10) for the condition of minimum drag with a given 1lift and pitching
moment. The surface shape and the total forces and moments were then
obtained.

The form of the individual pressures used in the superposition

process is
o\ _(xY
qij Cr

where 1 and j are positive integers. This expression is multiplied by
arbitrary constants ajj and the total lifting=-pressure coefficient is

given by the sum
S Z Ny %}
<q> VAR <q—,ij (2)
1,d

It should be noted here that only certain values of 1 and J were used
to obtain the pressure distribution. The angle-of-attack distributions
@i corresponding to the loadings (A@/q)ij have singularities on the
root chord for i =j=0andi=20,1, 2, 3, ..., J = 1. Omitting
these loads from the series and expanding equation (2) for i + J <3

yield
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The drag coefficient corresponding to each elementary load is given by

1 Ap
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and the interference drag coefficient between two loadings (Ap/q)ij
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and (Ap/q)rs is given by

_ 1 4p 4p
Dij,rs ~ stq).  Grs ¥ <q “ij] ds (5)
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where r and s are also positive integers. The total drag coefficient
corresponding to the loading (Ap/q) for any values of the constants

aij is given by
2 l . s
Cp = Egj aiJCDij +3 zgj aijarSCDij,rs’ i,J % r,s (6)
i,d ij,rs

The total 1lift and pitching-moment coefficlents are given by

N

i,J
Cr = Z &1 5%m; 5 (8)
1,3

It is possible by application of standard minimization procedures (see
ref. 10) to equations (6), (7), and (8), for the conditions of minimum
drag with given lift and pitching moment, to obtain a set of linear
simultaneous eguations to be solved for the values of the constants ajj.

The final surface shape or angle-of-attack distribution is then given

o :Z 8y s 5 (9)

where ajj are the constants as obtained in the above optimization
procedure, The surface slopes, ordinates, and drag coefficients corre-
sponding to each of the elementary loads used are given in the appendix.
The minimum value of the drag-due-to-1ift factor for the loading given
by equation (3), for given lift and location of the center of pressure
at the 0.35 point of the mean aerodynamic chord, is Cp/pCr2 = 0.269,%t
or 8 percent above the value for an untrimmed symmetrical wing. This
value is 40 percent below the theoretical value for a symmetrical wing
and symmetrical body trimmed with straight trailing-edge {laps having
an exposed area equal to 11 percent of the total wing area.

as

1The addition of fourth degree terms to the six-term series resulted
in negligible changes in drag due to lift and surface shape.




The linearized lifting surface theory relates only the streamwise
slope of the surface to the loading. Thus, an arbitrary function of the
spanwise coordinate y may be added to the equation for the ordinate of
any lifting surface. In the present case, the arbitrary function of ¥y
was chosen so that the wing trailing edge was straight. Ordinates of the
resulting mean camber surface at several spanwise stations and of the
leading- and trailing-edge traces are shown in figure 1 for the wing
alone,

To provide for the presence of the body, that portion of the cambered
surface of the wing covered by the body was altered so as to be cambered
only in the streamwise direction and flat in the lateral direction. The
ordinates of this strip, which passed through the trailing edge, were then
calculated by specifying that the total chordwise loading on the surface
consisting of the strip and the part of the cambered wing outside the
body be the same as that on the cambered wing alone. On the assumption
that the effect of the body on the total 1lift and moment characteristics
would be the same as that of the zero-thickness strip, the ordinates
of the strip were used as the ordinates of the body axis. The effect of
this assumption on the drag is not known, but was assumed to be small,

The spanwise and chordwise loadings for the cambered wing alone and
the plane wing are shown in sketches (a) and (b), respectively. The
comparison of chordwise loadings is of interest in that it shows the
forward distribution of the loading on the cambered wing which produces
the trimming moment.
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Description of models.,- Four wing-body configurations were investi-
gated, consisting of the combinations of a symmetrical wing or a cambered
wing with a symmetrical body or a cambered body. A photograph of the
cambered wing-body configuration is shown in figure 2, and dimensional
sketches of the four models are shown in figure 3.




Both of the wings had triangular plan forms of aspect ratio 2 and
the NACA 0003-63 thickness distribution in the streamwise direction.
The symmetrical Sears-Haack body had a fineness ratio 12.5 with the
afterportion removed, as shown in figure 3, to accommodate the sting
and balance. The cambered body had a fineness-ratio-12.5 Sears~-Haack
radius distribution ebout an axis which was cambered in the region of
the wing as described in the previous section. The center line of the
body ahead of the wing apex was straight, and was used as the reference
axis for the body. The afterportion of the cambered body was removed to
accommodate the sting and balance.

The symmetrical and cambered wings could be mounted interchangeably
on the symmetrical and cambered bodies. The slot into which the wings
were inserted in the cambered body was cut at an angle of 9.7° with
respect to the reference axis in order to fit the existing balance into
the body. Thus, when the cambered wing is mounted on the symmetrical
body, the angle of attack of the wing is reduced 9.7° below that for the
design attitude, and the wing 1ift is negative at zero body incidence.

The results for configurations employing a trailing-edge flap and a
canard control, with which the present data will be compared, made use of
the above described symmetrical wing and symmetrical body.2 The trailing-
edge flap was a full-span control whose exposed area was 10,7 percent of
the total wing area. The canard had an aspect-ratio-2 triangular plan
form with an exposed area of 6.9 percent of the total wing area. The
experimental results for the canard configuration have been published in
references 11 and 12; reference 13 presents an analysis of these and other
canard data,

TEST AND PROCEDURES

Range of Test Variables

Mach numbers of 0.70, 0.90, 1.00, 1.10, 1.30, 1.70, 2.22, 2.2k, 2.58,
3.06, and 3.53 and angles of attack ranging from -17° to +19° were covered
in the investigation. Results were not obtained, however, for the symmet-
rical wing and cambered body at Mach numbers above 2,22, The test Reynolds
number based on the wing mean aerodynamic chord was 3,68 million, except
for the symmetrical wing-body at M = 1.00 and 1.10, where it was 1.84
million., For test Mach numbers below 2.58 wires of 0,010-inch diameter
were placed on the wings and bodies at the locations shown in figure 3 to
induce transition., No wires were placed on the models for tests at Mach
numbers of 2.58 and above, since the wire size required to induce transi-
tion results in excessive pressure drag.

2511 trailing-edge flap data used in this report are from unpublished
results obtained in the Ames 6- by 6~foot supersonic wind tunnel. All
statements made in the section Test and Procedures in this report apply
to the trailing-edge flap data, as well as to the data included herein.




Reduction of Data

The data presented herein have been reduced to standard coefficient
form, The pitching-moment coefficients have been referred to the pro-
jection of the 0,35 point of the mean aerodynamic chord on the balance
center line., For each configuration the angle of attack was referred to
the reference axis of the body. The results have been adjusted to take
account of the following effects:

Base drag.- The base pressure was measured and the drag data were
adjusted to correspond to a base pressure equal to the free-stream static
pressure,

Stream inclination.- The data obtained in the Ames 6- by 6-foot
supersonic wind tunnel were corrected for a stream angle inclination of
less than 0,30°, which existed through the Mach number range of the tests.
Similar corrections were made for the data obtained in the 8- by T-foot
test section of the Ames Unitary Plan wind tunnel, where the stream angle
inclination was less than 0,21° over the range of test Mach numbers.

Model buoyancy.- The drag data obtained in the 8- by T7-foot test
section include buoyancy corrections due to longitudinal static-pressure
variations in the vicinity of the model, These corrections amounted to
less than 1.6 percent of the zero lift drag of the uncambered model,

Tunnel-wall interference.,- Previous experiments made in the perfor-
ated test section of the Ames 6~ by 6-foot tunnel at transonic and sub-
sonic Mach numbers have shown that no corrections for wall interference
are required (see ref, 8).

RESULTS AND DISCUSSION

The primary purpose of the present investigation was to evaluate the
effectiveness of the distributed camber derived herein in reducing the
drag at trim of a triangular-wing configuration at supersonic speeds.
The calculations showed that, for triangular wings with sonic leading
edges incorporating this camber, the drag due to 1ift in the trimmed
attitude could approach the drag-due-to-lift value of the untrimmed sym-
metrical wing. The various combinations of symmetrical and cambered
wing and symmetrical and cambered body were tested; all of the results
are presented in tabular form in tables I through IV, Representative
plots of the basic 1ift, drag, and pitching-moment characteristics are
presented in figure 4 over a Mach number range from 0.90 to 3.53 for all
of the models tested., A comparison of the experimental characteristics
for the cambered wing and cambered body model with the predicted
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wing-alone values is shown in figure 5 at the design Mach number of 2,24,
To assess the trim characteristics of the cambered wing a comparison is
made in figures 6 and 7 with the trim lift-drag ratio of the symmetrical
configuration trimmed with a trailing-edge flap and with a canard control.

Basic Data

Examination of the data of figure 4 which compare the results for
the four configurations tested shows several points of interest, The
results for the cambered wing and cambered body show that the configura-
tion trims at a positive lift coefficient throughout the Mach number
range investigated. Further, the lift coefficient at which trim occurs
steadily increases with decreasing Mach number from a value of 0,135 at
a Mach number of 3.53 to 0.73 at a Mach number of 0.90, The results show
also that at the 1ift coefficient corresponding to trim conditions for
the cambered wing and body, the drag coefficient of the cambered config-
uration is always greater than that for the symmetrical wing untrimmed.

A point of further significance is that at 1lift coefficients below trim
at supersonic speeds the drag due to camber is large and would impose
penalties on the performance of an aircraft utilizing this type of camber
if it had to fly at lifts below the design value.

The results for the cambered wing tested on the symmetrical body
show also that this configuration was trimmed at Mach numbers up to 2,22,
The data show further that the trimmed attitude is attained with less drag
than that for the cambered wing and body at the same 1lift coefficient.
At the higher Mach numbers the gradual reduction in pitching-moment curve
slope, dcm/ch, with increasing 1ift coefficient prevented the attairment
of a trim condition., This slope change probably results from the larger
unstable moment associated with the 1ift acting over the forward part of
the body, since for a given 1lift coefficient the forward portion of the
body is at a considerably higher angle of attack for the cambered wing
and symmetrical body than for the cambered wing and cambered body.

It is of interest to make a comparison of the experimental character-
istics of the cambered wing and body with those predicted for the wing
alone at the design Mach number of 2,24, This comparison is shown in
figure 5 where the theoretical wing-alone characteristics for both the
cambered and the symmetrical wings are shown, It is evident that the
cambered wing and body does not trim at a 1lift coefficient as high as
the predicted value nor does it realize as low a drag coefficient as was
predicted., It is interesting to note, however, that at 1lift coefficients
near zero the large increment in drag due to camber is in good agreement
with the theory.
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The high values of the experimental drag coefficient at the trim
attitude may be associated in part with viscous separation effects similar
to that noted on the cambered wing of reference 6, The local slopes of
the wing surface inboard of 0.30 of the wing semispan are as high as lho,
and the attainment of the linear-theory values of 1lift and drag cannot be
expected, Some lack of agreement between theory and experiment is evident
even in the results of the symmetrical configuration of figure 5 at
moderate angles of attack, where the results show a lower 1ift and higher
drag than predicted by the theory. Wing-body interference effects on
lift=curve slope can only account for a part of this difference for the
symmetrical wing and body. These interference effects are not known for
the cambered configuration but probably also contribute to the measured
drag values being higher than those predicted.

Iift-Drag Ratios

The foregoing results have shown that the cambered wing and body fell
short of the theoretical expectations. It is of interest, however, to
compare the drag due to trimming a triangular wing and body by means of
camber and twist with that due to trimming with control surfaces such as
trailing-edge flaps or canards. This comparison may be seen from figure
6 which presents the lift-drag ratio as a function of 1lift coefficient for
s triangular wing and body trimmed by these three means at several Mach
numbers. It should be noted that the configurations utilizing either a
flap or a canard are trimmed throughout the lift-coefficient range whereas
the cambered wing and body is trimmed only at the 1lift coefficient noted
in the figure. The static margin of all three at a Mach number of 0.70
was chosen to be that obtained experimentally for the cambered configura-
tion at that Mach number (0.06¢). Experimental data for the wing trimmed
with a trailing-edge flap were not available at Mach numbers above 2.22.

The results show no improvement in lift-drag ratio at subsonic speeds
through the use of this camber., At a Mach number of 1.30 the trimmed
lift-drag ratio of the cambered configuration was about the same as the
maximum lift-drag ratio of the wing trimmed with a flap. However, the
trimmed attitude of the cambered wing occurred at a considerably higher
1ift coefficient than the optimum 1ift coefficient of the trailing-edge
flap wing with the result that at the lift coefficient where the cambered
wing was trimmed its lift-drag ratio was considerably higher than that of
the configurations trimmed with either a trailing-edge flap or a canard.
At a Mach number of 2.22, which was approximately the design condition,
the results show that the trimmed lift-drag ratio of the cambered wing is
only slightly greater than the maximum trimmed lift-drag ratio of the
flap-trimmed wing and somewhat less than that for the configuration
trimmed with the canard. UHere as at a Mach number of 1.3, the cambered
wing and body trimmed at a 1ift ccefficient greater than the optimum lift
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coefficient of either of the other two configurations, A point of inter-
est here is that, unlike the results at a Mach number of 1.3 where the
trim 1ift occurred at a point considerably above the optimum 1lift coeffi-
cient, the cambered wing was trimmed at the optimum lift coefficient.

At the two higher Mach numbers of 3.06 and 3.53 the wing and body trimmed
with the canard realized 2 higher maximum lift-drag ratio than did the
cambered configuration.

One other point of interest can be seen from the results of figure
7 which compares the trim characteristics of the three configurations
discussed in figure 6 with those of the cambered wing and symmetrical
body at a Mach number of 2.22. The results show that the cambered wing
and symmetrical body had & higher maximum lift-drag ratio than did the
cambered wing and body. However, at maximum lift-drag ratio the cambered
wing and symmetrical body was untrimmed whereas the cambered wing and body
was nearly trimmed. An examination of the data for symmetric wing-body
configurations (of refs. 11 and 12) indicates, however, that the cambered
wing and symmetrical body used in conjunction with a canard control for
trim at 1ift coefficients below 0.25, the trim point of the cambered wing,
could develop higher trimmed lift-drag ratios than the cambered wing and
body. (It should be noted that the characteristics of the controls in
combination with the cambered wing and symmetrical body were obtained by
superposition of the test data,) For example, the cambered wing and
symmetrical body could be trimmed with a canard at a 1lift coefficient of
0.16 with a maximum lift-drag ratio of 5.7 as compared with a maximum
trimmed value of 5.4 for the cambered wing and cambered body. This, of
course, indicates that the body camber used herein is not necessary or
desirable to obtain the best trim characteristics., However, as can be
seen from the results, the symmetrical configuration trimmed with a canard
develops a higher maximum trimmed lift-drag ratio than does either of the
configurations having the cambered wing.

SUMMARY OF RESULTS

An experimental investigation was made to determine the effectiveness
of camber in reducing the drag at trim of a triangular wing of aspect
ratio 2 at supersonic speeds. The results of the investigation showed:

1. The drag coefficient of the cambered wing and body at trim was
always greater than the value for the untrimmed symmetrical wing and body
2t the same lift coefficient. The cambered wing-body configuration
trimmed at a positive 1lift coefficient at all Mach numbers, the value of
the trim 1ift coefficient decreasing with increasing Mach number.

2. At the design Mach number of 2,24 the cambered wing trimmed at a
1ower 1ift coefficient and had a higher drag coefficient than predicted.
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3. At approximately the design Mach number the cambered wing and
body realized a trimmed lift-drag ratio that was slightly greater than
the maximum value achieved by the symmetrical configuration trimmed with

a trailing-edge flap, and was less than that for the symmetrical config-
uration trimmed with a canard,

Ames Research Center
National Aeronautics and Space Administration
Moffett Field, Calif., Nov., 4, 1958
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APPENDIX

CHARACTERISTICS OF THE ELEMENTARY LOADS <%?

ij

For any value of the multiplying factors ajj, the total 1lift, drag
due to 1ift, and pitching moment corresponding to the loading

& _ ) a. . (22
q i3 \q /..
ij 1d
i J
q 13 Cr

depend on the 1lift, drag, and moment coefficients of the elementary loads
(Ap/q)ij. (see egs. (1) through (8).) For a triangular wing with sonic
leading edge and unit root chord and semispan, the surface slopes % j
and ordinates 24 j to support these elementary loads at M = JE, as

where

J

. i,j = positive integers (A1)
)

given by linear theory, are as follows: (u = y/x; 1 + j € 3; no root
singularities in @ij)

1
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+ (2-T7u®) Vl—uzJ

-

For M 74\/5 » the right side of the above equations for «jj and
13 should be multiplied by B; zij should be replaced by Zij/cr3
and pu replaced by By/x.

The 1lift and moment coefficients of the elementary loads can be
easily obtained by integration of equation (Al).
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The drag coefficients are given in the following table:

. C . s
13 Dy |ij|rs| “Pig,rs

10 | 0.125000 | 10 | 20 | 0.200000
20| .083333110| 02| .058333
021 .015278 1 10| 30| .166667
30| .062500 110103 .03%980
03| .00803%| 10|12} .ohk8611
12| .011806 | 20| 02| .051389
20| 30| .142857
201 03 . 03200k
20| 12 .Ohkoh8
02|30 .o45238
02|03 | .o021h41k
02|12 | .026587
30| 03] .02896k
301121 .039583
03|12 ] .019192

For M %'JE, these values should be multiplied by 3.

For calculating the drag characteristics at 1lift coefficients other
than the design 1ift, the interference drags between the elementary loads
and the plane wing loading are required. The interference drag is given

by

1 Ap Ap

s 1), @), ]
i S a 1 . . p
D,1d D J q 1j
= . :C7. C

4,13 Tp Lij
where
/Ap . s s

7 y ap plane wing lifting pressure coefficient and angle of attack,

\4/p respectively
Cy, plane wing 1lift coefficient
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For i + j € 3, the interference drag factors dp,ij are as follows:

ij 4,14

10 0.4526k2
20 Jh6101k
02 .527998
30 66152
03 .156382
12 .538202

For M # JE, these values should be multiplied by B.
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Leading edge trace

Trailing edge trace —/ y

(b) Ordinates of leading~ and trailing-edge traces,.

Figure 1l.- Wing mean surface shape.



A-23256
(a) Front view,

A-23257
(b) 3ide view,

foure J,- Dnocoweeann 0F cambered wing and cambered body model.
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